We describe investigations of superconductivity in few molecular layer NbSe2 field effect transistors. While devices fabricated from NbSe2 flakes less than 8 molecular layers thick did not conduct, thicker flakes were superconducting with an onset that was only slightly depressed from the bulk value for 2H-NbSe2 (7.2K). The resistance typically showed a small, sharp high temperature transition followed by one or more broader transitions which usually ended in a wide tail to zero resistance at low temperatures. We speculate that these multiple resistive transitions are related to disorder in the layer stacking. The behavior of several flakes has been characterized as a function of temperature, applied field and back-gate voltage. We find that the conductance in the normal state and transition temperature depend weakly on the gate voltage, with both conductivity and decreasing as the electron concentration is increased. The application of a perpendicular magnetic field allows the evolution of different resistive transitions to be tracked and values of the zero temperature upper critical field, 2 (0), and coherence length, (0), to be independently estimated. Our results are analyzed in terms of available theories for these phenomena.
Introduction
The first isolation of graphene in 2004 [1] has led to a resurgence of interest in the study of layered materials. In particular it has been shown that these can form the basis of truly two-dimensional atomic crystals with remarkable electronic properties and very high specific surface areas, making them suited for applications ranging from electronic devices to energy storage [2] . The physical insights obtained from working with graphene, as well as a requirement for other 2D materials with complementary electronic properties, has directed attention towards studies of atomically thin forms of the transition metal dichalcogenides (TMDs). These are very promising candidates for nanoscale applications as they exhibit a rich variety of electronic ground states (e.g., metallic, semiconductor, superconductor, and charge density wave (CDW)) [3] . One of the more interesting TMDs is the quasi two-dimensional superconductor niobium diselenide. This has two common hexagonal crystalline forms with slightly different bulk critical temperatures, 2H-NbSe2 and 4H-NbSe2, where the numerical prefix indicates the number of NbSe2 molecules in the unit cell. The 2H-NbSe2 unit cell of interest here contains two NbSe2 molecular layers in AB stacking. Each molecular unit is formed from a sandwich of two layers of Se atoms with a plane of Nb atoms between them, and the coordination numbers of the Se and Nb atoms are 3 and 6 respectively. The lattice constants of 2H-NbSe2 are a=b=3.6 Å and c=12.6 Å, and the spacing between adjacent Nb sheets is hence 6.3 Å [4] . NbSe2 molecular layers are strongly covalently bonded while there is only a weak van der Waals interaction between adjacent layers [5, 6] .
Consequently, it is easy to cleave 2H-NbSe2 sheets along planes parallel to the a-b face and the terminating surface after exfoliation is usually a Se layer [7] . 2H-NbSe2 is metallic at high temperatures but becomes a type II superconductor below a critical temperature of ⋍ 7.2 K. This material is believed to be a conventional s-wave superconductor, albeit a highly anisotropic one, and in high quality samples superconductivity coexists with a charge density wave (CDW) which sets in below ~ 32 K.
To date there has been little agreement on the nature of the competition between these two ground states [8] .
Frindt [7] published the first investigations of few molecular layer 2H-NbSe2 flakes mechanically exfoliated onto various substrates. He observed a decrease in with decreasing flake thickness, a trend that became particularly pronounced in samples estimated to be less than six molecular layers thick. This author was not able to measure flake thicknesses directly but inferred them from the 300 K resistances assuming an effective bulk resistivity of 160 µΩ.cm. Using this thickness calibration, the of a single molecular layer was predicted to be 3.8 K (c.f., = 7.2 K in bulk samples).
Multiple steps observed in the resistive superconducting transition were associated with regions of the flakes with different thicknesses.
More recently Novoselov et al. [9] reported measurements of field effect transistors fabricated from single molecular layers of NbSe2 mechanically exfoliated onto Si/SiO2 substrates. They observed semi-metallic behaviour at 300K with an electron concentration that was two orders of magnitude smaller than that expected from scaling bulk values, suggesting significant changes in the electronic energy spectrum. The dynamic 'field-effect' mobility of their devices was measured to be in the range 0.5-3 cm 2 /Vs, with an increase in conductivity as the electron concentration was increased.
In the most recent study of atomically thin NbSe2 flakes Staley et al. [5] have realised twoterminal field effect transistors fabricated by mechanical exfoliation onto Si/SiO2 substrates followed by a lithography-free shadow masking contact process. These authors observed superconductivity in devices which were only single unit cells (two molecular layers) thick with as high as 2.5 K. They 3 measured the dynamic mobility for their samples to be in the range ~ 10-60 cm 2 /Vs and observed a clear modulation of with gate voltage in the thinnest flakes. This was interpreted in terms of a simple model for changes in the electronic density of states, but did not address the fact that decreases with increasing electron density.
The motivation for this paper is to extend these studies of the field effect on superconductivity in NbSe2 flakes to lithographically-defined 4-terminal structures in which the number and quality of molecular layers has been fully characterised. It is now well-established that the modulation of the charge carrier density in a superconductor can change its physical properties, in particular the superconducting transition temperature, . Several conditions must be satisfied in order to observe a measurable electric field effect on superconductivity. Since the carrier density of most metallic superconducting materials is high, a very thin layer of material is needed in order to be able to achieve significant charge density modulation. In addition, a high-quality dielectric is important in order to enhance the electric field and allow high gate voltages to be applied. Finally, a good control of material interfaces is crucial in order that the behaviour of the device is not undesirably limited by charge redistribution at the flake/substrate and flake/dielectric interfaces rather than changes in the chemical potential of the superconducting flake itself [5] . In our experiments most of these criteria are well satisfied, allowing us to make systematic studies of the electrical properties of thin NbSe2 flakes as a function of temperature, perpendicular magnetic field and back gate voltage.
Experimental Method
Our four-terminal field-effect devices were fabricated using micromechanical cleavage of high quality 2H-NbSe2 single crystals onto Si/SiO2 substrates. Optimisation of this process using pairs of permanent magnets to apply a controlled pressure allowed flakes up to ~ 70 m in size to be exfoliated (c.f., figure 1(a) ). Substrates were etched in piranha solution prior to exfoliation in order to remove any organic residues from the surface. Highly doped Si substrates with a 297 nm SiO2 top layer were used as this was found to give good optical contrast for deposited NbSe2 flakes under the microscope. The
SiO2 layer also acts as a robust dielectric allowing the Si substrate to be used as a 'back gate' up to relatively high voltages (~± 100V). Atomic force microscopy and Raman spectroscopy were used to characterise the quality and number of molecular layers present in our flakes.
Two levels of Electron Beam Lithography (EBL) were used to define both the inner electrodes (Cr/Au 10/50 nm) and outer bond pads (Cr/Au 20/250 nm) in PMMA, followed by electron-beam deposition of Cr/Au films and lift-off in acetone. In both EBL steps patterns were aligned to markers defined on the Si/SiO2 wafer by optical lithography prior to exfoliation. The lateral width of electrodes varied from 1-1.5 µm with the spacing between electrodes ranging from 1 to 3 µm, (c.f., figure   1 (b,c)). A schematic diagram of a completed NbSe2 field effect transistor is shown in figure 1 (d).
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Completed devices were wire-bonded in a DIL ceramic package and mounted on a temperaturecontrolled sample holder which was coupled to a liquid Helium bath via exchange gas. Small signal magneto-transport measurements were performed in a variable temperature Helium cryostat with a base temperature of 2.0 K. Great care was taken to avoid damage to devices arising from electrostatic shock, and all leads down to the sample were protected with custom-designed pi filters. Four-point measurements were performed with a constant 1 A 32Hz ac current, and voltages were detected using a digital lock-in amplifier. Magnetic fields up to 1T could be applied perpendicular to the NbSe2 flakes with a small superconducting solenoid in the liquid Helium bath. 
Results

Flake characterization
Several complementary techniques were used to characterize the flakes in our NbSe2 FETs.
Single and few-layer flakes were readily recognized under an optical microscope; different thickness flakes have distinct interference colors with white light illumination. Many of these flakes clearly had regions containing different numbers of molecular layers and only homogeneous ones were selected for device fabrication. Tapping mode Atomic Force Microscopy (AFM) was used to quantitatively measure the thicknesses of NbSe2 flakes (and contacts) on Si/SiO2 substrates after low temperature electrical measurements had been completed. Although, as is well known for graphene, such AFM estimates could contain systematic errors, samples will henceforth be referred to by these nominal AFM 5 thicknesses which are listed in table 1. AFM was also used to determine the lateral flake dimensions given in this table.
Raman spectroscopy was used to characterize further all of the samples studied. NbSe2 flakes were studied at room temperature under a Renishaw inVia Raman Microscope operating at a 532 nm excitation wavelength. A short working distance 50x objective lens was used to capture Raman spectra from samples with integration times in the range 100-400 s. ) were well resolved in the Raman spectra. However, decreasing flake thickness tended to be accompanied by a broadening of the two phonon peaks, resulting in almost complete overlap in the thinnest flakes as seen in figure 2. We observe an apparently nonmonotonic shift of both phonon modes as the flake thickness is reduced, in agreement with the results of Staley et al. [5, 10] . Hence this shift cannot easily be used to characterize the layer number in NbSe2 in contrast to the situation in few-layer graphene [5] and we propose an explanation for this shift as follows.
Spectra obtained with high laser intensity or long laser exposures were found to evolve with time, and AFM scans revealed that flakes actually thickened after laser exposure. This suggests that structural changes have occurred, of which the most likely are decomposition to produce Se precipitates, or oxidation; in addition, it is known that photo-oxidation of NbSe2 leads to an increase in volume [11] .
To resolve this question, we show in Figure 3 a series of Raman spectra for a 6.56 nm flake as a function of laser power. These clearly show the appearance of a new peak near 302 cm -1 at high powers (and long times); we note that this peak is also evident in figure 2 of Staley et al. [5] , who also comment that laser-induced damage was found for thin flakes. By reference to earlier studies of Raman scattering in niobium oxides [12] , we propose that this peak is due to Nb2O5 (and not NbO2). In the bottom spectrum of figure 3, we also observed bands (off scale in the figure) at 620, 670 and 820 cm -1 , also consistent with this assignment [12] . Surprisingly, the oxide peaks are not observed in thicker flakes, suggesting either that the reaction may be taking place with the SiO2 substrate rather than at the top surface, or that a reduced thermal conductivity in thin layers may make them more prone to oxidation. Another strong Raman band of Nb2O5 is expected to be seen at 996 cm -1 but is masked in our case by the second order Si Raman band; on other substrates, this mode could be a useful diagnostic indicator of oxidation. In summary, our observations suggest that the physical damage due to laser exposure is probably due to photo-oxidation and is more pronounced in very thin flakes. Since Nb2O5 also shows strong Raman bands at 240 and 264 cm -1 [12] which overlap the 2 mode of NbSe2 , it is not surprising that the 
Electrical and magnetotransport measurements
Systematic electrical measurements as a function of temperature, back-gate voltage and applied magnetic field were successfully performed on four NbSe2 FETs with flake thicknesses in the range 6.56-10.37 nm. Room temperature sheet resistances, squ , reduced resistance ratios, , and bulk resistivities, , for the four devices are summarized in table 1. Figure 4 plots the 300 K sheet resistances as a function of inverse thickness. We see that results for three of the devices are quite consistent, but the fourth falls well out of line with these. The dashed trend line on this graph represents a much higher bulk resistivity by a factor of nearly seven than was assumed in earlier work on NbSe2
by Frindt [7] (lower solid line). Very thin NbSe2 flakes (1-2 unit cell flakes) appeared to be insulating, even though the end-to-end electrode resistances were less than 100 Ω. We speculate that the same reaction processes that occur under intense laser light may happen naturally during device processing, hence each device may have one or more 'dead' molecular layers and the thickness may not be a good measure of the number of electrically conductive layers. In contrast four point measurements at temperatures down to ∼ 2 K on thicker flakes exhibited true zero resistance, as can be seen in figure 5 for a 9.21nm device. The inset of this figure shows an expanded view of the low temperature resistance data along with its digital derivative, / , whose smooth dependence indicates the absence of the charge density wave (CDW) transition observed in very high quality samples near =32K [13] [14] [15] . This was expected for our relatively low mobility NbSe2 samples since it is known that an ∼ 30 or higher is needed to observe a CDW [16] . A careful analysis of the temperature dependent resistance ( ) of the 9.21 nm thick device was performed by making power law fits (∼ ) in the temperature ranges 10-40 K and 100-300 K as illustrated in figure 6 . A good linear fit has been obtained in the 100-300 K range with ~ , which is in agreement with predictions for a normal metal at temperatures above the Debye temperature Θ (calculated theoretically for NbSe2 to be Θ ≈ 190 K [17] ). In the range 10-40 K the dependence changed to ~ 2 , which can be attributed to electron-electron scattering according to Matthiessen's rule [18] . throughout the current-carrying region. Thus, we believespeculate that these multiple resistive transitions are related to disorder in the layer stacking rather than lateral inhomogeneity as was proposed by Frindt [7] as an explanation for similar multiple transitions in his samples. Table 2 shows estimates of the multiple critical temperatures for all samples. The highest temperature transition, 1 , reduces monotonically as the flake thickness is reduced, but the low temperature transitions do not appear to vary particularly systematically. This can be clearly seen in figure 8 , where both 1 and 2 are plotted as a function of flake thicknesses. It is interesting that all s seem to extrapolate to approximately the same value at a thickness corresponding to one molecular layer of NbSe2 ( = 1ML)). It is hence possibleThis leads us to speculate that the lowest s arecould possibly be attributed to associated with single uncoupled NbSe2 molecular layers.
This interpretation is in apparent conflict with the much lower estimates of the for 1ML flakes by
Frindt [7] and Staley et al. [5] . However, it is not unreasonable that this discrepancy arises from very different disorder levels in the various experimental systems used.
A linear suppression of with decreasing thickness can be associated with enhanced Coulomb interactions and a reduction in electron screening arising from increasing disorder and interaction effects. Indeed a complete suppression of superconductivity and formation of an insulating state has been observed in highly disordered flakes [5, 7] . 
Analysis of the H=0 resistive transition
A more detailed analysis of the = 0 resistive transition has been made for all samples to In this expression the constant b is a measure of the strength of the vortex-antivortex interaction [20, 21] . In practice the unbinding temperatures have been extracted by plotting [1 .
−2 3 ⁄ versus T at low temperatures and associating the T-axis intercept with (c.f., figure 9 ). While estimation of in the 9.21 nm and 10.37 nm thick samples was straightforward, it could not be achieved reliably in the 6.56 nm and 7.92 nm thick samples due to the presence of a small zero temperature resistance arising from weak device non-ideality. It is noteworthy that one of these latter two samples shows quite a long low-temperature BKT 'tail' while the other does not. It suggests that otherwise similar samples can have very different properties due to different degrees of stacking order [4] . In this case one of the samples appears to behave much more two-dimensionally than the other. 
Resistive transition behavior as a function of applied magnetic field B
The temperature dependence of the resistance of the 9.21 nm thick sample at various values of magnetic field, B, and of the 10.37 nm device as a function of magnetic field at various values of temperature, , are shown in figure 10 . These data show how the resistive transitions tend to broaden and shift downwards in temperature with increasing magnetic field.
We assume that the upper critical field of high critical temperature superconducting 'pockets' controls the observed onset transition shift, whereas the shift in the tails near ∼ 0 can be attributed to vortex flow and the field dependence of the vortex-antivortex unbinding transition [22] . The fielddependent resistive transition temperatures have been estimated by determining the position of maximum slope from the first derivative of ( ). The evolution of 1 and 2 as a function of applied magnetic field is plotted in figure 11 (a) for the 9.21 nm thick sample. Plots of this type for each sample allow us to calculate the zero-temperature upper critical field 2 (0) using the Werthamer-HelfandHohenberg (WHH) formula [23] ,
where , is the resistive transition temperature and 2 ⁄ is the slope of 2 ( ) at . Temperature dependence of ( ) for a 10.37 nm thick sample.
A different estimation for 2 (0) can be made by using a phenomenological formula based on the Ginzburg-Landau equations for multiband superconductors [24] ,
When a = 1/0.69 and b = 1 equations (1) and (2) become mutually consistent, and a good match between estimated values of 2 (0) can be obtained. Taking into account the fact that NbSe2 is a multiband superconductor and 2 ( ) is expected to be influenced by this, it is not clear a priori which of the two approaches is more appropriate. Figure 11 (b) shows fits made using equation (2) for both 1 ( ) and 2 ( ) for the 9.21 nm thick sample. Knowledge of 2 (0) allows the zero temperature Ginzburg-Landau coherence length, (0), to be calculated from the well-known relationship [25] ,
where 0 is the superconducting flux quantum. Values calculated for 2 (0) and (0) are summarized in Figure 12 shows the longitudinal conductivity, , of the 10.37 nm thick sample as a function of at = 7 K. The data show an approximately linear reduction in conductivity with gate voltage, and the slope, ∆ 2 ∆ ⁄ , allows one to calculate the dynamic field effect mobility, , from [27] ,
The Influence of a back-gate voltage
where is the SiO2 layer thickness, is the relative dielectric constant of SiO2 ( =3.9) and 0 is the permittivity of free space. This rather indirect way to estimate the mobility of our devices is valuable since they have not been fabricated in a Hall bar configuration. The calculated dynamic mobilities for our devices lie in the range of 7-64 cm 2 /Vs at 7K, which is in agreement with the findings of Staley 14 et al. [5] but many orders of magnitude higher than values reported by Novoselov et al. [9] . Moreover, the observation that the conductivity decreases at positive gate voltages is in conflict with these latter results.
Finally we have investigated the influence of applied gate voltages of -100V and +100V on the resistive transition of samples. We observe a weak reduction in the resistive transition temperatures with more positive gate voltages. Figure 13 shows the digital derivative, / , of the temperaturedependent sheet resistance of a 10.37 nm thick sample at = −100 V and = +100 V in order to enhance the small shifts observed with gate voltage. The shift in between these two values of was estimated to be -10 mK and -45 mK for 1 and 2 respectively. 
Discussion
Patterning 4-terminal transport structures allows almost ideal measurements in which the influence of contact resistances is almost entirely eliminated. This distinguishes our results from the two-terminal measurements ose obtained byof Staley et al. [5] , who made 2-terminal measurements, while Frindt [7] doesid not actually state how measurements were made. Frindt [7] was not able to measure flake thickness directly but inferred it from the 300 K resistance assuming a bulk resistivity of 160 µΩ.cm. MoreoverHowever, we have madeare able to directly measure the thicknessments of theour flakes and hence calculate an accurate value for the thicknesses and can correlate these with the 4-point device resistances. We measure an effective 300 K bulk resistivity for our samples that is seven times larger than typical values in single crystals suggesting that Frindt's values for flake thicknesses and resistivity may possibly have been considerably underestimated. One potential drawback of the use of lithographic patterning techniques is that it maye possibility that it leads to the introduction of strain and stacking disorder. We note that Staley et al. [5] did not report multiple resistive transitions in their shadow masked two terminal devices produced by less invasive shadow masking, although the superconducting transitions they show in their paper do appear to be relatively broad.
The resistive superconducting transition temperatures and their dependence on perpendicular magnetic field and back-gate voltage have been studied as a function of NbSe2 flake thickness to extend our current understanding of the underlying physics. The physical properties of highly anisotropic 16 systems such as NbSe2 are strongly related to their crystal structure. The three most common polytypes of niobium diselenidethis compound are 2H-NbSe2, 4H-NbSe2, and 3R-NbSe2. The first two hexagonal structures exhibit superconductivity below 7.2 K and 6.3 K respectively. In contrast the third rhombohedral structure is not superconducting down to 1.2K [28] . This illustrates rather graphically that the critical temperature of NbSe2 depends very strongly on quite subtle changes in layer stacking.
BCS theory tells us that this dependence can arise from both the density of electronic states near the Fermi energy and the phonon spectrum via the electron-phonon coupling strength. It is well established that the former depends quite strongly on the number of molecular layers [29, 30] as well as their stacking. Likewise the phonon spectrum is also known to depend on the number of layers [30] , in particular the low frequency breathing and shear modes [31] . The observed multiple resistive transitions must arise from lateral material inhomogeneities; if we had only vertical inhomogeneities down through the ML stack the low Tc regions would be shorted by the highest Tc region and only one transition would be observed.resistance of all our samples showed a small, sharp high temperature transition followed by one or more broader transitions which usually ended in a wide tail to zero resistance at low temperatures. We speculate that the relatively large amplitude low temperature resistive transitions arise from quite large regions with different stacking order or strain, induced during mechanical exfoliation or lithographic processing. Only the small amplitude high temperature resistive transition shifts systematically downwards in thinner flakes, consistent. This we tentatively attribute to with the the expected dependence of density of electronic states and phonon spectrum on number of ML combined with enhanced Coulomb interactions and a reduction in electron screening arising from increasing disorder and interaction effects in thinner samples. The systematic linear dependence of 1 on thickness suggests that it is a local property of all coupled molecular layers in the flake, possibly arising from small, well-separated pockets of superconductivity in a normal matrix. Such non-uniformities could be the consequence of disorder due to extrinsic charges in the adjacent SiO2 dielectric or adsorbed molecules on the surface of the flake (c.f., the formation of electron/hole puddles in graphene [32] ). It is striking that 1 and 2 seem to extrapolate to approximately the same value near =1ML in figure   8 . One possible interpretation of this is that the low s relate to sections of single molecular layers that are almost completely uncoupled from the rest of the flake. This interpretation is in apparent conflict with the much lower estimates of the for 1ML flakes by Frindt [7] and Staley et al. [5] . However, it
is not unreasonable that this discrepancy arises from very different disorder levels in the various experimental systems used.
The lowest temperature transitions seem to be truly two-dimensional in nature with resistive tails dominated by the BKT vortex-antivortex unbinding transition. Normally the suppression of well below the mean field transition temperature, as is the case in most of our samples, is only observed in highly disordered thin films with very short mean free paths. Simple estimates of the sheet resistance for a single NbSe2 ML indicate that we are not in this limit. However, it is known that the attractive The decrease of normal state conductance and resistive transition temperatures were found to depend weakly on the back gate voltage with both conductivity and decreasing as thewith increased electron concentration is consistent with is increased. Rrecent pseudopotential DFT calculations of the electronic density of states in few molecular layer 2H-NbSe2 [29] . These predict that it exhibits a sharp peak about 100 meV below the Fermi energy and a strong downward slope as it crosses . This calculated falling density of states with increasing electron concentration is fully consistent with the measured reduction in the conductivity at positive back gate voltages. Also, sSince the applications of a gate voltage would not be expected to significantly change the phonon spectrum or electron-phonon coupling, a reduction in density of electronic states would also account for the observed reduction in .
The fact that It is noteworthy that the low temperature transitions shift more than four times faster with gate voltage than the small high temperature transition indicates that the former are associated with .
This suggests that the former have active regions composed of fewer molecular layers that possibly also lie clayers that lie closer to the SiO2 gate dielectric where electric fields are strongest.
Our studies of superconductivity in NbSe2 flakes have thrown up many questions that merit further investigation. Future work will focus on improving the electronic properties (e.g., mobility, carrier concentration, back-gate efficiency) of 2H-NbSe2 flakes. In particular, it appears that the act of patterning contacts may be enough to create strain in the flakes and induce layer stacking disorder.
Hence, it It would be interesting to compare devices prepared withuse a lithography-free technique, e.g., such as the shadow masking as used approach reported by Staley et al . [5] , whichto pattern contacts such as CVD h-BN should also greatly reduce levels of disorder arising from extrinsic charges in the SiO2 dielectric. Alternatively, lowering the device processing temperatures, as well as sonication powers used during cleaning and lift-off, should lead to less damage during lithography-based fabrication. The ability to apply larger electric fields will also lead to much larger shifts in and replacing SiO2 by a higher permittivity gate dielectric, e.g., HfO2, could enhance FET performance as demonstrated by Zhang et al. [34] in their ambipolar MoS2 FETs. Finally, accurate calculations of the electronic band structure (and DOS), phonon spectrum and electron-phonon coupling in NbSe2 flakes with different layer stacking orders are urgently required to inform experimental work. These theoretical studies will need to be complemented by detailed structural characterisation of our samples (e.g., by
STM/STS or HRTEM) in order to obtain a systematic understanding of the behaviours we have observed.
Conclusions
In conclusion, systematic investigations of superconductivity in few molecular layer NbSe2 
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